Introduction
Here, we show that the phosphorylation of CREB at Ser142 occurs in vivo by using an antibody specific for Most physiological and behavioral processes follow cirthe phosphorylated form of Ser142. Moreover, using a cadian rhythms (Aschoff, 1981) that are driven by a cenmouse mutant lacking this phosphorylation site (CREB S142A tion, we generated an antibody specific to the phosphor- ylated form of CREB Ser142 (anti-p142). The specificity with the unphosphorylated peptide, further confirming specificity of the antibody ( Figures 1D and 1G ). of the anti-p142 antibody was tested by comparing its recognition of bacterially overexpressed CREB (GST-CREB) and CREB from nuclear brain extract. whether this phosphorylation also follows a circadian oscillation. We therefore monitored the phosphorylation In the mouse brain, strong staining by anti-p142 was specifically detected in several regions, including the of CREB at Ser142 in the mouse SCN at different times, with circadian time (CT) 12 being defined by the onset SCN, the amygdala, the cortex, and the hippocampus ( Figures 1B, 1C, 1E, and 1F ). In contrast, no staining for of darkness had the animals remained in a 12 hr light:12 hr dark cycle. Phosphorylation of CREB Ser142 was low CREB Ser142 was found in the striatum or the cerebellum. Recognition of the anti-p142 antibody is disrupted in animals sacrificed at CT 9-15 ( Figure 1H ). However, with the beginning of the active phase, phosphorylation by competition with the phosphorylated peptide, but not of Ser142 increased significantly and reached a maximum in the early subjective day at CT 1 ( Figures 1J and  1K) . Phosphorylation of CREB Ser142 in the SCN thus parallels the circadian oscillation of Ser133 phosphorylation. The phase of CREB Ser142 and Ser133 phosphorylation precedes the one of the CRE-dependent expression in transgenic mice (Obrietan et al., 1999) . This observation suggests that both CREB phosphorylations at Ser142 and Ser133 may regulate the activity of CREB and participate in circadian rhythm generation. Although CREB Ser142 phosphorylation can be detected in other brain areas, such as the hippocampus, amygdala, and cortex, circadian oscillation of CREB Ser142 phosphorylation was restricted to the SCN (data not shown).
We then investigated whether phosphorylation of CREB at Ser142 occurs in response to the stimuli (e.g., light and glutamate) that are critical for the synchronization of the circadian clock to the external day-night cycle. We first tested the effect of light. Entrained animals were transferred to constant darkness for 48 hr and then received a 15 min light pulse at different circadian times. We looked for induced phosphorylation of CREB Ser142 upon photic stimulation in neurons of the basal SCN and compared it to the phosphorylation of CREB Ser133. Both CREB Ser142 and Ser133 were phosphorylated following a light stimulus applied during early subjective night (CT 14) in neurons of the basal SCN (Figure 2A ). Photic stimulation during late subjective day at CT 10, which has no effect on the circadian clock, did not elicit phosphorylation at Ser142 and Ser133 (Figure 2A 
Mutation of CREB at Ser142 in the Mouse Affects the Circadian Clock
mouse mutant in which the CREB Ser142 was pointmutated to alanine: CREB S142A ( Figures 3A and 3B ). To investigate the physiological importance of phosphorylation of CREB Ser142 in vivo, we generated a CREB S142A homozygous mutant mice lacking the CREB Ser142 phosphorylation site are born at the expected of the CREB S142A mutation in the resetting of the central circadian clock. Homozygous CREB S142A mutants and Mendelian ratio and are fertile. Moreover, these mutants show no differences in size or morphology in comparitheir wild-type littermates were entrained and transferred to constant darkness for at least 5 days. As exson to wild-type littermates. The mutated CREB S142A protein is expressed at similar levels as the wild-type protein pected, a light pulse at CT 14 resulted in a delayed onset of locomotor activity of Ϫ1.96 hr Ϯ 0.21 in wild-type ( Figures 3C and 3D ). As expected, phosphorylation of CREB Ser142 is absent in these animals ( Figures 3E-3H) . mice ( Figure 4) . However, in the CREB S142A mutants, the same light pulse leads to markedly attenuated phase In contrast to CREB knockout mutants (Rudolph et al., 1998), the related member of the CREB family, CREM, delays of only Ϫ1.26 hr Ϯ 0.12 (p ϭ 0.00033, n ϭ 8).
During late subjective night (CT 23), administration of a is not upregulated (data not shown).
Since phosphorylation of CREB Ser142 is induced by light pulse phase advanced the activity onset of wildtype controls by ϩ0.53 hr Ϯ 0.07. Again, the CREB S142A light during the dark phase, we searched for an effect Figures 5A and 5B ). circadian cycle, was identical in both genotypes (n ϭ 10; data not shown). These results rule out a general Levels of mPer1 and mPer2 were 4.7 and 3.7 times higher than in control animals, respectively (Figures 5C lowed by the expression of clock genes, may lead to synchronization of the central clock to the external lightand 5D). In CREB S142A mutants, light-induced expression of c-Fos was significantly reduced and expression of dark rhythm. Recently, it has been suggested that CREB is phosphorylated at an additional site, Ser142, probably mPer1 was nearly abolished. In contrast, levels of phosphorylation of CREB Ser133 and mPer2 in the SCN were by CaMKII␣ (Sun and Maurer, 1995). In this report, we show that this phosphorylation occurs in specific brain comparable in wild-types and CREB S142A mutants. These results demonstrate that the retinohypothalamic tract is regions, including the SCN. In the SCN, light pulses or glutamate treatment during early subjective night (CT intact in the CREB S142A mutants and that the phosphorylation of CREB at Ser133 occurs independently of the 14) result in rapid phosphorylation of CREB Ser142, implying a role in the resetting of the circadian clock. This phosphorylation of Ser142. Together, these findings provide genetic evidence that the phosphorylation of role was confirmed by disruption of the CREB Ser142 phosphorylation site by point mutation in the mouse CREB at Ser142 contributes to the transcriptional activity of CREB.
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